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Principal receptors for collagen, the most abundant component of the extracellular matrix (ECM), come from
the integrin and discoidin domain (DDR) gene families. The latter are a class of receptor tyrosine kinases that
bind to several collagens andmediate intracellular signaling. Carafoli et al. recently described a crystal struc-
ture of a DDR in complex with a trimeric collagen peptide ligand.Receptors on the surface of cells provide
awareness of their environment and give
structural integrity to the formation and
stability of tissues by recognizing compo-
nents of the extracellular matrix (ECM).
Collagen is the most abundant ECM
molecule and plays a pivotal role in
wide ranging physiological and disease
processes. In native collagen, triple helical
region repeats of GPO motifs, consisting
of the glycine-proline-hydroxyproline re-
sidue triad (O is a single letter abbrevia-
tion for hydroxyproline [Hyp]), are the
prevalent sequences that have limited
features for cell receptors to recognize
outside of the -OH group of Hyp and
a carbonyl projecting from a shallow
groove formedby theGly residues. Never-
theless, stretches of imino-poor regions
containing a variety of amino acids do
occur; here, the integrins recognize the
GXOGER motif where X is a hydrophobic
side chain. A complex crystal structure
has previously revealed a metal-depen-
dent primarily electrostatic interaction
whereby the critical collagen Glu residue
is buried at the center of the elongated
interface (Emsley et al., 2000). In the integ-
rin complex, the rod-like collagen triple
helix is balanced on a flat surface as if on
the palm of an outstretched hand, and at
either end the rod bends markedly to
maximize contacts burying a surface
area of 1230 A˚2. By contrast, DDR-2
recognizes a hydrophobic hexameric
sequence, GVMGFO, that is described
byCarafoli et al. (2009) as forming ahydro-
phobic knob, which in the complex buries
a surface area of 530 A˚2. This sequence
occurs only infrequently in native collagen
sequences and the peptide used to deter-mine the structure carries the 12-meric
sequenceGPRGQOGVMGFO from native
type II collagen flanked byGPO repeats. A
previous NMR structure of DDR-2 had
shown the unliganded receptor has two
disordered loops on the surface that
define two sides of a binding pocket (Ichi-
kawa et al., 2007). The complex crystal
structure (Carafoli et al., 2009) shows
these loops alter conformation and
become highly ordered upon binding,
acting like fingers that use a Trp side chain
at the tip to close around and pinch the
side chain of the F residue from the
collagen knob. The Trp side chain nitrogen
also hydrogenbonds to the carbonyl in the
collagen Gly groove. Interaction with the
hydrophobic knob results in the complete
burial of two charge residues (Arg and
Asp) from a second face of the DDR-2
pocket; this is peculiar and counterintui-
tive to the characteristic ‘‘greasy hole’’
that typifies many protein binding sites
for hydrophobic ligands. The energy of
binding lost from burial of these charged
sidechains is likelymadeupbyacombina-
tion of stabilizing buried water molecules,
a single hydrogen bond between the Asp
side chain and a collagen Hyp side chain
OH, and perhaps largely by ordering of
the surface loops upon binding.
TheGVMGFObinding site is recognized
by two other proteins: von Willebrand
factor andmatrix protein SPARC; a crystal
structure is available for the complex with
SPARC, also determined by the Ho-
henester group with an almost identical
collagen peptide (Hohenester et al.,
2008). Comparison of the two reveals
remarkable convergence in the ligand
binding from two very different proteinStructure 18, January 13, 20folds. This extends not only to the use of
a Trp side chain to pinch the collagen
Phe residue and hydrogen bond into the
groove, but also to burial of an Arg and
Asp ion pair in the same the pocket with,
again, the Asp side chain contacting
a collagen Hyp side chain OH. In the
case of SPARC, the Arg guanidinium is
further used to form a hydrogen bond to
a second carbonyl in the collagen Gly
groove. Exploiting the groove is also
seen in the integrin collagen complex,
where conserved His and Tyr side chains
flank the central metal binding site, both
extending up into the groove to form
a single hydrogen bond in each case
(Emsley et al., 2000).
Contact with collagen induces trans-
membrane intracellular signaling through
activation of the DDR tyrosine kinase
domain on the cytoplasmic face. The in-
tegrin structures reveal that contact with
collagen induces a large conformational
change resulting in a piston-like move-
ment of a C-terminal a helix, which ulti-
mately triggers the transmembrane signal.
With DDR-2 the mechanism cannot be
inferred from the structure. and a number
of models involving changes in the
dimeric receptor conformation are pro-
posed (Carafoli et al., 2009). A second
issue that remains unexplained is an
Arg in the full recognition sequence
GPRGQOGVMGFO, which does not
make any direct contacts to the DDR-2
domain in the crystal structure, is reported
to be critical for activating signaling
(Carafoli et al., 2009). There are a number
of ways the remote Arg could contribute
to binding including: (i) the Arg side chain
contributes to trap a number of water10 ª2010 Elsevier Ltd All rights reserved 1
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Previewsmolecules, which could accentuate the
overall interaction; (ii) direct contact
between the Arg and a neighboring
DDR-2 patch of negative charge could
represent a transient second step in the
interaction, which affects the angle of
the DDR domains initiating conforma-
tional change and signaling; or (iii) direct
contact between the Arg and this nega-
tive patch could be achieved by bending
of the collagen peptide. This latter mech-
anism is observed to be critical to the
interaction of the integrin collagen
complex. Other collagen peptide struc-
tures determined in isolation (Emsley
et al., 2004; Kramer et al., 1999) with
a central imino-poor region flanked by
GPO repeats all show junctional kinking
between the central and flanking regions;
however, this is not seen in either the
DDR-2 or SPARC complex structures.2 Structure 18, January 13, 2010 ª2010 ElseFinally, the crystal structure of the A3
domain from the plasma protein von
Willebrand factor, which also specifically
recognizes the GVMGFO motif, has
been determined in isolation and does
not show any surface features that would
duplicate the convergent binding mode of
DDR-2 and SPARC binding (Bienkowska
et al., 1997). Not until the A3 domain
collagen peptide complex structure is
determined can a true comparison be
made to DDR and SPARC and further
perspective gained into how globular
proteins recognize the fibrous collagen
triple helix.REFERENCES
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Transmission electronmicroscopy of thin sections is the primarymeans for visualizing structures within cells.
In this issue of Structure, Peng et al. extend this approach by using electron tomography to examine the life
cycle of a herpesvirus and provide fresh insights into the processes of DNA packaging and release.Transmission electron microscopy (TEM)
of sectioned, embedded material remains
the most widely used high-resolution
method for visualizing structures within
cells and is themethodof choice for exam-
ining virus-infected cells. The basic tech-
nique has been essentially unchanged
since its inception and despite its proven
value, is less than ideal for biological
analysis, as it gives only restricted views
of single time points of heavily fixed
and processed samples. Consequently,
the resulting pictures need to be inter-
preted imaginatively but cautiously. In
many respects, TEM has lagged behind
the advances in other visualization tech-
niques, such as confocal fluorescent light
microscopy,which can nowprovidemulti-colored, real-time images of living cells
in 3D. The difficulty in placing observed
structures in their correct spatial context
is one of the major limitations of TEM.
Conventional TEM produces images that
are two-dimensional projections of the
specimen being observed, in which all
features along the illumination axis are
superimposed to form the final image.
This is a particular problem in thick sam-
ples; to minimize this effect, TEM is typi-
cally carried out on very thin sections.
However, the improved clarity is achieved
at the expense of the information on the
overall architecture and spatial related-
ness of structures in the specimen. Elec-
tron tomography (ET), where different
angular views are combined to producea 3D map of a subject, has long been
recognized as offering a way around this
problem by allowing detailed reconstruc-
tion of relatively thick sections. Increasing
access to modern microscopes with high
tilt capability and digital imaging systems
means that this approach is now being
applied to an ever-expanding variety of
questions. In their paper in this issue of
Structure, Peng et al. (2010) have used
ET to examine herpesvirus-infected cells,
and their images reveal previously unseen
aspects of the virus life cycle.
Herpesviruses provide good models
for an ET study because they form large
distinctive viral particles and their infec-
tious cycles have been well-characterized
using conventional TEM (Mettenleiter
